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Abstract
Human vocal ontogeny is considered to be a process whereby a large repertoire of
discrete sounds seemingly emerges from a smaller number of acoustically graded
vocalizations. While adult chimpanzee vocal behavior is highly graded, its develop-
mental trajectory is poorly understood. In the present study, we therefore examined
the size and structure of the chimpanzee vocal repertoire at different stages of
ontogeny. Audio recordings were collected on infant (N = 13) and juvenile (N = 13)
semi‐wild chimpanzees at Chimfunshi Wildlife Orphanage, Zambia, using focal and ad
libitum sampling. All observed call types were acoustically measured. These were
predominantly grunts, whimpers, laughs, screams, hoos, and barks and squeaks. A
range of spectral and temporal acoustic parameters were extracted, and fuzzy
c‐means clustering was used to quantify the size and structure of the repertoire. The
infant and juvenile vocal repertoires were both best described with the same number
of clusters. However, compared to infants, juvenile call clusters were less distinct
from one another and could be extracted only when a low level of overlap between
call clusters was permitted. Moreover, the acoustic overlap between call clusters was
significantly higher for juveniles. Overall, this pattern shows greater acoustic overlap
in juvenile vocalizations compared to infants, suggesting a trend toward increased
acoustic gradation in chimpanzee vocal ontogeny. This may imply in contrast to hu-
mans, chimpanzees become increasingly proficient in using graded signals effectively
rather than developing a larger repertoire of more discrete sounds in ontogeny.
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1 | INTRODUCTION
To understand the evolutionary origins of language, researchers ty-
pically search for language‐like features in adult primate commu-
nication systems (Fitch, 2005). While a great deal has been learned
about language origins by adopting this approach, it is crucially lim-
ited in that it overlooks the importance of ontogeny. On the onto-
genetic path toward language, a key acoustic change in vocal
behavior within the first year of life is the emergence of an increasing
number of discrete vocal units from a smaller number of more
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acoustically graded vocal units. This transition, widely known as the
expansion stage (Oller, 2012; Vihman, 2014), is a routine feature of
typical human vocal ontogeny (Stark, 1981) and is accompanied by
changes in vocal tract morphology that afford infants a wider
acoustic space of possible sounds that they can produce
(Crelin, 1987; Lieberman, 1984). Vocal repertoire expansion has
been theorized to function as a fitness indicator used to capture the
attention of caregivers (Locke, 2017). This is argued to be beneficial
in the human ontogenetic niche due to high levels of cooperative
breeding and alloparental care (Locke, 2017; Zuberbühler, 2011).
Support for this argument comes from studies that show caregivers
consider infants with more elaborate vocal behavior to be more
likeable (Bloom & Lo, 1990; Bloom et al., 1993) and are more re-
sponsive to infants with a more elaborate vocal repertoire (Goldstein
& West, 1999).
There is evidence of call types entering and leaving the vocal
repertoire during primate vocal ontogeny (Gautier, 1974;
Lieblich et al., 1980). However, whether an expansion in call
types occurs at the level of the repertoire is less clear. In cotton‐
top tamarins, infants and juveniles produce only a single type of
long call, whereas adults produce three long‐call variants
(Snowdon et al., 1983), suggesting vocal‐type expansion may
occur during the ontogeny of tamarin long calls. Among pigtailed
macaques, misclassifications of scream call context based on call
acoustics are significantly higher for infant data sets than those
from older individuals (Gouzoules & Gouzoules, 1989), suggest-
ing the development of a larger number of context‐specific
screams. This latter finding is also consistent with vocal‐type
expansion because juveniles may produce a wider range of
scream types than infants. However, it could alternatively be that
call types simply become more clearly acoustically differentiated
during ontogeny, but call types per se do not expand (i.e., in-
crease in number).
To understand the evolutionary origins of language, it is im-
portant to focus on species closely related to humans, such as
chimpanzees (Prado‐Martinez et al., 2013). Vocal‐type expansion is
particularly difficult to assess in chimpanzees because the calls of
adult chimpanzees are notoriously variable in their acoustic struc-
tures, or graded (Slocombe & Zuberbühler, 2010). Despite the
gradedness of chimpanzee vocalizations, human listeners have been
able to reliably identify particular calls of chimpanzees and link them
to distinctive functions (e.g., Goodall, 1990). Moreover, chimpanzee
vocal tract morphology shows ontogenetic changes such as descent
of the larynx and hyoid bone deeper into the throat that can in
principle increase the range of possible sounds that can be produced
(Nishimura et al., 2003, 2006). However, it is not known whether
repertoire expansion occurs or whether the degree of acoustic gra-
dation of vocalizations changes during chimpanzee vocal ontogeny,
as is observed in human vocal ontogeny (Oller, 2012; Stark, 1981).
In fact, chimpanzee vocal ontogeny is a poorly understood pro-
cess. Some of the earliest descriptions of the vocal repertoire of
infant chimpanzees were reported by Frans Plooij in 1984. In a study
of wild infant chimpanzees in Gombe National Park, Plooij (1984)
classified 22 types of vocalizations in chimpanzees up to 1 year of
age based on the researcher's perception (not based on acoustic
analysis). Plooij's (1984) call classifications mostly consisted of dif-
ferent types of grunts and whimpers, which is consistent with
Kojima's (2008) analysis of infant chimpanzee vocalizations within
the first 4 months of life using visual inspection of spectrograms that
revealed two broad call categories—grunts and cries. Interestingly,
Plooij (1984) did not report any evidence of key features of the adult
vocal repertoire such as pant hoot calls, suggesting these emerge
later in ontogeny. However, to our knowledge, there are no
systematic acoustic studies of vocal behavior focused on stages be-
tween infancy and adulthood (i.e., juveniles). Furthermore, all clas-
sifications that focus on the vocal repertoire of older individuals (i.e.,
subadults and adults) vary in estimates of the number of call types
between 12 and 32 (Clark, 1991; Goodall, 1990; Van Hooff, 1973).
Such varying estimates of the chimpanzee vocal repertoire size
create an unclear picture of whether vocal‐type expansion occurs
during chimpanzee vocal ontogeny and may reflect methodological
difficulties in identifying discrete call categories from acoustically
graded vocal behavior (Crockford, 2019).
Historically, acoustic gradation in vocal behavior has been lar-
gely viewed as a methodological challenge to contend with due to
the associated difficulties with identifying reliable vocal units that
researchers agree upon (e.g., Crockford & Boesch, 2005; Slocombe &
Zuberbühler, 2010). Instead, acoustic gradation can be viewed as a
potentially functional feature of a communicative system that in-
creases the information‐encoding potential of a signal (Fischer
et al., 2017) and may thereby open up new functional possibilities
that may be beneficial in more complex social niches. This suggests
that by measuring acoustic gradation rather than treating it as
noise, researchers can better understand communication (Fischer
et al., 2017, Wadewitz et al., 2015). To date though, very few re-
searchers have adopted such an approach.
To our knowledge, such an approach has been adopted in primate
research in just one study, which focused on predominantly adult
chacma baboons whose vocal repertoire size has been contested in
the literature due to high levels of acoustic gradation (see Fischer
et al., 2017; Wadewitz et al., 2015). Wadewitz et al. (2015) applied
both hard and soft (or fuzzy) clustering techniques to acoustic data
extracted from baboon vocalizations. Hard‐clustering techniques
identify a finite number of discrete clusters (MacQueen, 1967),
whereas fuzzy clustering acknowledges that cluster membership is
often imperfect and therefore allows a given observation to overlap
partially with different clusters (Zadeh, 1965). This cluster overlap can
be used to measure gradation. Using hard‐clustering techniques,
Wadewitz et al. (2015) found that up to 20 call types could be ex-
tracted, but the algorithm did not show strong support for any of the
sets of clusters that could be extracted, suggesting considerable
acoustic gradation in the data. Consistent with this, when adopting a
fuzzy‐clustering approach, Wadewitz et al. (2015) found that the
chacma baboon vocal repertoire was best described as comprising a
small number of clusters (two to five) with considerable acoustic
gradation between clusters.
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In the present study, we aimed to examine ontogenetic changes
in repertoire size and acoustic gradation to evaluate whether vocal‐
type expansion occurs during chimpanzee vocal ontogeny in a sample
of 26 young semi‐wild chimpanzees, ranging from neonatal infants to
juveniles on the brink of sub‐adulthood. Leaning on the protocol
adopted to study the vocal repertoire of chacma baboons (Fischer
et al., 2017; Wadewitz et al., 2015), we assessed the number of
clusters that could be reliably extracted, the validity of those clus-
ters, and derived measurements of acoustic gradation (hereafter
“typicality”) for both infants and juveniles. If vocal‐type expansion
occurs during chimpanzee vocal ontogeny as it does in human vocal
ontogeny (Stark, 1981), we would expect to observe a higher number
of reliable clusters in juveniles, those clusters would be expected to
have higher cluster validity, and they would be expected to be sig-
nificantly less graded.
2 | METHODS
2.1 | Subjects and study site
Subjects were infant (N = 13) and juvenile (N = 13) semi‐wild chim-
panzees housed at Chimfunshi Wildlife Orphanage, Zambia. Infant
ages ranged from 0 up to 4 years of age (M = 1.13 ± SD = 1.14). In-
dividuals aged between 4 and 10 years of age were classified as
juveniles (M = 7.07 ± SD = 3.82) (see Supplementary Methods
Table S1). These age ranges are the broadest definitions of these
developmental stages in the chimpanzee literature and were
therefore chosen to give the most comprehensive insight into
chimpanzee early vocal development. The infants comprised seven
females and six males, whereas juveniles comprised four females
and nine males. Typical infant characteristics include riding either
ventrally or dorsally with the mother and breastfeeding from the
mother. Typical juvenile characteristics include no longer riding
with the mother either ventrally or dorsally, less reliance on
breastfeeding from mother, and more independence from the mo-
ther (see Laporte & Zuberbühler, 2011; Reynolds, 2005; van de Rijt‐
Plooij & Plooij, 1987). An individuals' status as an infant or juveniles
was, however, defined based on age alone.
Subjects are known to belong to a mixture of subspecies in-
cluding Pan troglodytes troglodytes and Pan troglodytes schweinfurthii.
However, many subspecies memberships were not known, meaning
it is possible that the sample contained members of other subspecies.
All subjects were raised by their mothers during infancy. All infant
subjects still lived with their biological mothers. Three juveniles did
not live with their mothers due to fatalities that occurred in years
before the present study. We do not believe this impacted the data
in the present study because chimpanzee orphans have been shown
to differ from others in terms of social behavior and cognition
(Beck, 2010) but not vocal acoustics. While the majority of chim-
panzees at Chimfunshi are rescued from adverse circumstances such
as the pet trade, all subjects in the present study were born in
captivity. However, the majority of their mothers were originally
wild. Each subject belongs to one of four mixed‐sex groups that
comprise between 10 and 52 members, including infants, juveniles,
subadults, and adults. For a further breakdown of the study popu-
lation as a function of age, sex, and group, see Supplementary
Methods Table S1.
The four groups lived in four outdoor enclosures, respectively.
The miombo woodland is their habitat and that of many wild chim-
panzee populations (Schoeninger et al., 1999). The enclosures range
between 47 and 190 acres in size. Here, chimpanzees are fed once
daily at approximately 12 pm, and some chimpanzees are fed indoors.
Beyond this, chimpanzees at Chimfunshi may forage on naturally
fruiting trees. The enclosures and group sizes are large enough that
fission–fusion social dynamics take place as well as regular territory
patrols. At night, all chimpanzees sleep outside and many show
nesting behaviors.
2.2 | Data collection
Audio recordings were collected between 7 a.m. and 6 p.m. between
June 2018 and October 2018 (excluding 12 p.m.–1 p.m. when daily
feeding occurred) using a Sennheiser ME66 directional microphone.
Recordings were collected only when the subjects were outdoors and
the recordist was within 2–10m of the subject. The main approach in
collecting recordings was to use a 5‐min focal sampling method in a
randomized order each day that allowed us to have an equal re-
presentation of the sample in this study. However, due to the large
size of the enclosures and the dense forest inside them, subjects were
often not visible. For efficiency, we therefore decided to wait for 5min
to observe a subject. If the subject was not visible, we then recorded
the visible subject who was next highest on the list. It was attempted
to obtain two focal recordings on a subject in a single day—one in the
morning (before 12 p.m.) and one in the afternoon (after 1 p.m.). Six
hundred and fifty focal recordings were collected overall. Some of
these recordings were incomplete as the subjects left the view of the
camera for more than 30 s and could therefore no longer be seen and
identified as the potential caller. There were 44 incomplete focals.
Furthermore, when there were no visible subjects where 5‐min focal
recordings could be taken for that day, the subjects were also
recorded ad libitum. Seventy‐nine ad libitum recordings were taken.
These additional recordings were also included in the analysis of this
study to increase the overall number of calls.
We aimed to obtain 3 h of recordings per subject. Overall, be-
tween 15 and 51 focal recordings were collected per subject. Focal
observation time ranged between 1.24 and 4.25 h per subject (In-
fants:M = 2.72 ± SD = 0.96; Juveniles: M = 3.43 ± SD = 0.04). The total
duration of ad libitum recordings per subject ranged between 0.03
and 3.52 h (Infants: M = 0.81 ± SD = 0.79; Juveniles: M = 0.18 ± SD =
0.15). The total duration of incomplete focal recordings ranged be-
tween 0.20 and 1.27 h (Infants: M = 0.70 ± SD = 0.33; Juveniles:
M = 0.55 ± SD = 0.28). Overall, total observation time ranged be-
tween 1.73 and 5.45 h (Infants: M = 4.19 ± SD = 1.31; Juveniles:
M = 4.16 ± SD = 0.53) per subject.
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2.3 | Ethics statement
All data collection was permitted by the University of Portsmouth,
Animal Welfare and Ethical Review body (AWERB) and Chimfunshi
Research Advisory Board (CRAB). This manuscript also meets the
ASP ethical requirements.
2.4 | Identifying calls
The coded unit of vocal behavior was the call type, which is a broad
category of calls (i.e., grunts) that contains distinct variants (i.e., food
grunt, pant grunt, etc.). Call types were chosen because there is wide
agreement regarding the call types produced by young chimpanzees
(Goodall, 1990; Plooij, 1984; Slocombe & Zuberbühler, 2010) but whe-
ther young chimpanzees exhibit distinct subtypes (i.e., food grunts, pant
grunts, etc.) is currently unclear due to a lack of systematic study. Calls
would be comprised of a single‐call element, or a series of call elements
otherwise known as a call “bout.” Seven hundred sixty‐eight calls were
identified in total. The call types included grunts (N =382), whimpers
(N= 147), laughter (N =139), screams (N =41), hoo calls (N =41), barks
(N =8), squeaks (N =6), and pant hoots (N =4). Calls were identified
based on auditory cues followed by systematic visual inspection of
spectrograms according to the definitions in Table 1. The definitions
were chosen based on similarities in the definitions of these call types by
both pioneering and contemporary primatologists who studied both
infants and adults (e.g., Goodall, 1990; Kojima, 2008; Plooij, 1984; Riede
et al., 2004; Slocombe & Zuberbühler, 2010). It is important to note that
while pant hoots were identified, they were not analyzed because they
are calls made up from a series of different call types and are therefore
not comparable to the other coded call types. Interestingly, only four
pant hoots were observed in the entire observation period, and all were
given by juveniles, whereas all other call types were found in both in-
fants and juveniles. For a breakdown of the number of calls produced
per subject, see Supplementary Methods Table S2. An inter‐rater relia-
bility test was performed on 20% of the total identified calls, and Co-
hen's κ revealed a good (see Cohen, 1960) level of reliability (κ= 0.752).
A call started with the onset of acoustic energy in the spectro-
gram and finished with the offset of acoustic energy in the spec-
trogram. A bout of elements of the same call type was coded as a
single call, unless there was a gap between elements of 4 s or more. If
another element occurred after 4 or more seconds or the call type
TABLE 1 Definitions of call types based on previous studies of mostly infant and adult chimpanzee vocalizations
Call type Definition References
Grunt Short, low‐frequency calls given singularly or in short bouts. They may be tonal or
noisy and produced with variable rhythm.
Kojima (2008), Plooij (1984), and Slocombe and
Zuberbühler (2010)
Whimper Soft low‐frequency tonal calls that can become higher in both frequency and
amplitude as a bout progresses. Occasionally they may contain harmonics.
Kojima (2008), Plooij (1984), and Slocombe and
Zuberbühler (2010)
Laughter Staccato, noisy, low‐frequency, alternating ingressive–egressive breathing patterns
delivered in an irregular rhythm. Acoustic energy is audibly present in both
ingression and egression, with most energy visible during ingresses. While some
adopt a more comprehensive laughter definition that includes grunt‐like sounds
(e.g., Davila‐Ross et al., 2009), we decided to adopt a narrower definition with
minimal overlap with other call types given the aim of this study.
Plooij (1984) and Slocombe and
Zuberbühler (2010)
Scream Loud, high‐frequency, harmonic vocalization with varying degrees of tonality (from
calls with a high level of noise to calls with clearer harmonics and low‐noise
levels). Nonlinear phenomena are also commonly observed including frequency
jumps (i.e., abrupt changed in fundamental frequency), subharmonics (i.e., spectral
components at integer fractional values of the fundamental frequency and as
harmonics of these values), biphonation (i.e., two simultaneous but independent
fundamental frequencies), and deterministic chaos (i.e., episodes of nonrandom
noise). Acoustic energy is usually present only during exhalation, but intense
screams also include ingressive sounds.
Goodall (1990), Riede et al. (2004), and Slocombe
and Zuberbühler (2010)
Hoo call Tonal call with most energy at onset and a rise and fall in frequency over the call. Goodall (1990) and Slocombe and
Zuberbühler (2010)
Bark Loud calls with abrupt onset. They are often noisy (either due to chaos or turbulence)
with a low degree of tonality and are generally low pitched.
Goodall (1990) and Slocombe and
Zuberbühler (2010)
Squeak High‐frequency, short calls often given in fast succession to form short bouts. These
calls are predominantly clear tonal signals.
Plooij (1984) and Slocombe and
Zuberbühler (2010)
Pant hoot A call series typically with four distinct phases. Firstly, an introductory phase of low‐
frequency hoo calls. Second, a build‐up phase consisting of increasingly loud
panted hoo calls with energy visible on both ingression and egression. Third, a
climax phase of screams. Finally, a let‐down phase that resembles the build‐up
phase but was progressively decreasing energy.
Goodall (1990) and Slocombe and
Zuberbühler (2010)
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changed, it was considered to be independent of the preceding
element. This independence criteria was chosen for comparability
with human infant research on this topic that employed a similar
criteria (see Oller, 2000).
2.5 | Acoustic analysis
Spectral and temporal features were extracted using the bioacoustics
analysis programs Raven Pro V1.5 and Praat 6.0.43. Raven Pro was
used for extracting all the acoustic data except for formants which
cannot be measured using Raven Pro V1.5. In Raven, spectrograms
were generated using a fast Fourier transform, whereas spectrograms
in Praat were generated using linear predictive coding. Since the
majority of extracted measurements were spectral sound character-
istics rather than temporal, narrowband spectrograms were chosen.
See Table 2 for names of measured parameters and their definitions.
A band‐pass filter was applied to the spectrograms, ranging from
50 to 20,000 Hz. This bandwidth represented the range of fre-
quencies where energy was visible in previous studies (Mitani
et al., 1996; Slocombe & Zuberbühler, 2007). The sampling rate was
48,000 Hz with 16‐bit accuracy. A Hanning window function was
applied to call selections, which is the most appropriate window
function for biological signal analysis because it prevents variation in
onset–offset sound characteristics from introducing mathematical
artefacts into the acoustic measurements (Clements, 1998). In Praat,
identical settings were used as in Raven Pro. See Figure 1 for an
example of spectral measurements within a spectrogram.
Call elements were manually selected by highlighting the lowest
frequency where there was observable acoustic energy, the highest
frequency where there was observable energy, the onset of the call,
and the offset of the call. We aimed to highlight the full call in a
single selection. When ambient sound from other animals overlapped
with call elements of interest, we did not include these features in
the selection. Consequently, a single call could comprise several se-
lections. Acoustic measurements were taken for each selection in the
call series and the mean average of measurements was taken by
dividing the sum total of those measurements by the number of
selections taken. The mean value of measurements was not taken for
lowest frequency, delta frequency, duration, element number, and
element rate. For lowest frequency the lowest observed value across
all selections was chosen. Delta frequency was calculated based on
the lowest and highest observed frequencies across all selections.
TABLE 2 Acoustic parameters and their definitions
Parameter Definition
Lowest frequency (Hz) The lowest frequency at which energy was detected within the call.
Delta frequency (Hz) The highest frequency (the highest frequency at which energy was detected in the call) minus the lowest frequency,
corresponding to bandwidth.
Peak frequency (Hz) The frequency where the highest amplitude value was observed.
Q1 frequency (Hz) The frequency below which 25% of the total energy in the selection was found.
Q3 frequency (Hz) The frequency below which 75% of the total energy in the selection was found.
Center frequency (Hz) The frequency below which 50% of the total energy in the selection was found.
Mean entropy Entropy measures the amount of disorder in the selection based on the distribution of energy within the selection. Mean
entropy is calculated by first calculating entropy in each frame within the selection and then calculating the mean
entropy across frames.
90% bandwidth (Hz) The range of frequencies within which 90% of the total energy in the selection was found.
F1 (Hz) Formants are resonant frequencies of the vocal tract where acoustic energy is concentrated. F1 refers to the lowest
formant in the selection.
F2 (Hz) The second lowest formant in the selection.
F3 (Hz) The third lowest formant in the selection.
Duration (s) The amount of time between the onset and offset of a call.
Element number Number of call elements in a call.
Element rate (s−1) The number of call elements in a call divided by the duration of that call.
F IGURE 1 Illustration of spectral measurements
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The duration was measured by highlighting the entire call series.
Element number was measured by manually counting the number of
elements within the selection and element rate was calculated by
dividing the element number by the duration of the selection. Since
selections were manually taken by highlighting the lowest frequency
where there was observable acoustic energy, the highest frequency
where there was observable energy, the onset of the call, and the
offset of the call, the only parameters that were likely impacted by
the selection process were low frequency, delta frequency, and
duration. However, stability analyses (see Section 2.6) were per-
formed, which measure whether a small number of parameters have
a large impact on the model, which they did not appear to (see
Section 3).
2.6 | Statistical analysis
Fuzzy c‐means clustering was applied to specify the number of
clusters of call types in the data, to evaluate the validity of those
clusters (how separable they are from one another), the reliability of
those clusters (how consistently clusters could be extracted under
varying degrees of overlap between clusters), the stability of those
clusters (the extent to which cluster differentiation depends on a
small number of variables), and to quantify the degree of overlap
between clusters (as a measure of acoustic gradation).
Fuzzy c‐means clustering cannot process data sets with missing
data points. Consequently, we removed call cases where measurements
could not be taken, or where some measurements were missing. This
resulted in 443 vocalizations, including 221 grunts, 102 whimpers,
83 laughs, 28 screams, 5 barks, 4 hoo calls, and 4 squeaks. Two hundred
seventy‐three of the calls were infant calls and 188 were juvenile calls.
The composition of the infant and juvenile data sets regarding call
types were very similar (see Section 3). Since many of the acoustic
variables were measured on different scales (i.e., seconds, Hz), before
any models were run, all variables were z‐transformed to prevent the
influence of a parameter on cluster solutions being based mostly on the
range of that scale rather than systematic variation within that scale.
z Transformation in particular was chosen because it has been shown to
lead to more accurate clustering solutions than other transformation
techniques (Mohamad & Usman, 2013), and this technique has also
been successfully applied to studies that aim to quantify acoustic call
gradation in primates (Fischer et al., 2017; Wadewitz et al., 2015) and
birds (Wonke & Wallschläger, 2009).
There are two key parameters that can be controlled in fuzzy
c‐means cluster analysis K and µ. K specifies the number of clusters to
be extracted. µ specifies the degree of overlap between clusters that
is tolerated and is known as the “fuzziness parameter.” When µ = 1,
extracted clusters are not permitted to overlap. When µ > 1, clusters
are permitted to overlap. The greater the value of µ, the more clusters
are permitted to overlap. µ can be continuously increased until cluster
membership coefficients, which quantify the extent to which a given
observation belongs to each cluster and ranges between 1 (complete
membership) and 0 (not a member), reach 1/K. At this point, cluster
membership coefficients are equal across all clusters and the algo-
rithm can therefore no longer assign cluster membership to
observations (Zadeh, 2008; Zhou et al., 2014).
Regarding the K values, we chose a minimum of two clusters to
quantify gradation between clusters in the data set, which requires
at least two clusters, and a maximum of seven clusters because we
included seven call types in the data. Differences between call types
in the number of cases included (i.e., only 5 barks compared to 221
grunts) are not problematic in fuzzy c‐means clustering wherein
there is no minimum requirement for the number of data points per
cluster because clustering is based on individual acoustic character-
istics of each case rather than the overall number of calls (Gamba
et al., 2015; Wadewitz et al., 2015). µ values were systematically
varied between 1.1 and 5, at increments of 0.5. This range and in-
crement was chosen because the optimal description of both simu-
lated and real‐world data in terms of cluster validity is typically
found in the range of µ = 1.1–5 (Zhou et al., 2014). Importantly,
previous studies that applied fuzzy c‐means clustering to acoustically
graded primate vocal behavior found the most stable solution for
describing the data had µ = 2 (Fischer et al., 2017; Wadewitz
et al., 2015), which is within the range of µ values used in this study.
2.7 | Cluster validity and reliability
By systematically varying the K and µ values, 162 solutions were
generated, 54 overall solutions, 54 infant solutions, and 54 juvenile
solutions. Only infant and juvenile solutions are shown in the main
text. All models converged within 500 iterations. The validity of each
solution was evaluated based on the mean silhouette value for that
solution. Silhouette values represent the degree of confidence that a
data point belongs to its primary cluster, as measured by the ratio of
mean Euclidean distance between data points within its primary
cluster, relative to the mean Euclidean distance between a data point
and observations in the nearest neighboring cluster (Bezdek, 1973).
Silhouette values can vary between −1 and +1 with values >0 in-
dicating some degree of confidence regarding cluster membership
(Bezdek, 1973). Each data point has a corresponding silhouette value,
therefore, mean silhouette values were used to measure the con-
fidence of the overall solution. Higher mean silhouette values result
from clusters being more distinct from one another.
The range of µ values over which solutions can be computed
for any given K value indicates how reliable a model is (Fischer
et al., 2017). The value of µ constraints the amount of overlap
between clusters, with higher values allowing more overlap.
Since the algorithm cannot compute a solution when cluster
memberships for that solution are too close to 1/K, if a solution
can be extracted only for low values of µ, this suggests the model
is not reliable (i.e., robust to overlap between clusters). Models
were run and silhouette measurements were extracted in R using
the “fanny” implementation of the fuzzy c‐means clustering al-
gorithm from the “cluster” package (version 1.15.3) (Maechler
et al., 2019).
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2.8 | Cluster stability
In addition, fuzzy c‐means clustering models can be used to measure
the stability of the clusters. Stability measurements compare the
results of the fuzzy c‐means clustering algorithm when one variable
at a time is systematically removed. Using the “clValid” function from
the “clValid” package (version 0.6.4) in R, four stability measure-
ments were calculated—mean proportion of non‐overlap (APN),
mean distance (AD), mean distance between means (ADM), and
figure of merit (FOM). A range of measurements was chosen to
capture different dimensions of stability, and compare not just
overall stability between solutions, but ways in which different
solutions are stable. APN measures the mean proportion of data
points that change primary cluster membership when the model is
systematically recalculated with one variable missing. APN values
vary between 0 and 1, with lower values indicating higher stability.
AD measures the mean Euclidean distance between observations in
the same cluster when the model is systematically recalculated with
one variable missing. AD values vary between 0 and ∞ with lower
values indicating higher stability. ADM measures the mean Euclidean
distance between cluster centers and observations in the same
cluster when the model is systematically recalculated with one
variable missing. ADM values vary between 0 and ∞ with lower va-
lues indicating higher stability. Finally, FOM measures the mean
intra‐cluster variance of observations in the deleted variable, where
clustering is based on the remaining samples. FOM values vary
between 0 and ∞ with lower values indicating higher stability. See
Brock et al. (2008) for further information on cluster stability mea-
surement in clValid. Together, these analyses measure the extent to
which extracted clusters rely on a small number of extreme cases.
2.9 | Cluster composition
After cluster validity and stability was assessed, a hard‐clustering
solution was extracted for the best‐fitting overall, infant and juvenile
models. In all cases a two‐cluster solution was the best‐fitting model
and therefore all calls were allocated a value of either 1 or 2 de-
pending on whether their primary cluster membership values were
highest for Cluster 1 or Cluster 2. We then cross‐tabulated hard
cluster membership and call type to examine the contents of each
cluster in terms of coded call types. This was done to gain informa-
tion about the relationship between coded calls and the optimal
description of the data based on acoustic information alone, as well
as to evaluate the comparability of infant and juvenile call clusters.
2.10 | Cluster typicality
“Typicality” coefficients were extracted, which can be used to
quantify the degree of acoustic gradation (Fischer et al., 2017;
Wadewitz et al., 2015). Typicality coefficients were calculated by
subtracting secondary cluster membership values from primary
cluster membership values. Typicality coefficients vary between 0
and 1, with values indicating the percentage of overlap between
other clusters. For example, a typicality value of 0.6 indicates 60% of
the acoustic space covered by the call overlaps with its primary
cluster. Therefore, lower typicality coefficients indicate a higher
degree of gradation because this shows more of the acoustic space
covered by a call is shared between clusters.
Typicality coefficients were extracted for the best‐fitting (defined
as the model with the highest silhouette value) overall, infant, and
juvenile models, as well as their counterpart models (i.e., if the best‐
fitting infant and juvenile models had different parameters, infant and
juvenile models were created with their own optimal parameters and
the optimal parameters for the other data set) in order for values to
be comparable across models. For instance, the degree of gradation is
highly constrained by the value of the µ parameter because this
parameter specifies the amount of overlap between clusters that are
tolerated, meaning when µ = 1.1, many more observations would have
100% primary cluster membership compared to when µ > 1.1.
Therefore, to make comparisons of typicality coefficients across
models, those models must have the same µ values. For each model,
typicality was calculated for the whole model to measure the overall
amount of gradation, as well as for each cluster, to measure the extent
to which clusters were distinct. Typicality coefficients were not nor-
mally distributed in any case and were therefore directly compared
between data sets using the Mann–Whitney U test to test whether
there were significant differences in the degree of acoustic gradation
in infant compared to juvenile vocal behavior. For further information
on typicality measurements, see Fischer et al. (2017).
The distribution of typical vocalizations was assessed using the
approach outlined byWadewitz et al. (2015). The halved mean absolute
deviation of typicality coefficients was calculated. Calls with typicality
coefficients greater than this value were classified as “typical” and calls
with typicality coefficients lower than this value were classified as
“atypical.” This was performed on all models for which typicality coef-
ficients were calculated. This provided a measurement of how many
calls are typical of calls in their own cluster, to complement the raw
typicality coefficients, which quantify how typical those calls were.
3 | RESULTS
3.1 | Cluster validity, reliability, and stability
For both infants and juveniles, two to seven clusters were success-
fully identified and two‐cluster solutions consistently showed the
highest silhouette value (Figure 2). The µ value with the highest
silhouette value for infants was 1.5, which generated a mean sil-
houette value of 0.382 (Figure 2), whereas for juveniles the highest
silhouette value was obtained when µ = 1.1, with a mean of 0.304
(Figure 2). This suggests that there is greater overlap between
clusters in the juvenile data set compared to the infant data set
because silhouette values represent the separability of clusters and µ
constraints overlap between clusters, therefore, if the highest
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silhouette values occur when the µ value is low, this suggests al-
lowing overlap between clusters reduces the separability of clusters,
potentially indicating more graded call acoustics.
For infants, two‐cluster solutions could be calculated from µ = 1.1
to µ = 2.5. However, all other solutions could be calculated up to µ =3.0,
except the seven‐cluster solution, which could be calculated up to
µ = 3.5 (Figure 2). By contrast, juvenile clusters could only be extracted
up to µ = 1.5 with the exception of K = 7, µ = 2.0. The difference be-
tween infants and juveniles in the range of µ values over which clusters
could be extracted implies that juvenile vocal behavior is more graded
than infant vocal behavior, because poor model performance at higher
values of µ results from a high degree of overlap between clusters. That
seven‐cluster solutions could be calculated at a larger range of µ values
suggests that seven clusters could be a more reliable description of the
data for both infants and juveniles. However, seven‐cluster solutions for
infants and juveniles had consistently lower silhouette values than
two‐cluster solutions and were also less consistent in the silhouette
values they generated, which varied from 0.101 to 0.258 for infants
(two‐cluster solution range = 0.378–0.381) and from 0.160 to 0.221 for
juveniles (two‐cluster solution range = 0.292–0.304). This suggests that,
despite being more reliably extracted, seven‐cluster solutions are less
consistent in the confidence of call membership per cluster compared
to two‐cluster solutions.
In comparison to the infant data set, the mean silhouette values for
juvenile cluster solutions where K >2 did not come as close to the values
obtained for models where K =2. The mean silhouette value for the next
best performing model with K> 2 for juveniles (K =3, µ= 1.1) was 0.075
lower than the best performing model. For infants at µ 1.1, the silhou-
ette value for the three‐cluster solution was only 0.01 lower than its
counterpart two‐cluster model. Furthermore, at µ= 3.0 a two‐cluster
solution for infants could not be extracted, but a three‐cluster solution
whose silhouette value was only 0.003 lower than the best performing
model was found. A comparably well‐fitting model with a greater than
two clusters was not observed for juveniles. This suggests that not only
were infant clusters more discrete, but that there was little evidence in
the juvenile data set that there could be a higher number of discrete
clusters depending on the µ values, whereas there was evidence for a
third discrete cluster when µ =1.1 and µ= 3 in the infant data.
Importantly, while infant and juvenile models differ in both the
validity and reliability of clusters, both infant and juvenile models
were highly stable. When the models were systematically re-
calculated with one parameter missing each time, a mean of only
2.4% of data points changed cluster membership for infants and a
mean of 4.5% of data points changed cluster membership for juve-
niles (see Supplementary Results Section a). This shows that cluster
distinctions were not heavily reliant on a small number of acoustic
parameters.
3.2 | Cluster composition
In the best‐fitting infant model (K= 2, µ= 1.5), Cluster 1 predominantly
consisted of grunts, while Cluster 2 predominantly consisted of whim-
pers, but also contained a high number of grunts. The majority of all call
types except whimpers and hoo calls belonged to Cluster 1 (Table 3).
Cluster compositions for the best‐fitting juvenile model (K = 2, µ=1.1)
were very similar to that observed in the best‐fitting model for infants
(Table 3). Cluster 1 predominantly consisted of grunts, while Cluster 2
predominantly consisted of whimpers, but also contained a high number
of grunts. Cluster compositions were highly similar for both infants and
juveniles with the exception of squeaks, which were found only in
Cluster 2 for the juvenile model, while they were found mostly in
Cluster 1 in the infant model. However, since only one squeak was
observed in the juvenile data set, this is unlikely to indicate any kind of
important shift of juvenile vocal behavior. The difference in cluster
composition is unlikely to confound infant–juvenile comparisons be-
cause these comparisons are made at the level of the cluster rather than
the call type. Descriptive statistics on the acoustic characteristics of the
best‐fitting infant and juvenile models and their counterpart models are
shown in Supplementary Results Section h. This generally shows Cluster
1 is comprised of wide‐band calls with energy focused at higher fre-
quencies while Cluster 2 is comprised of more low‐frequency tonal calls.
Cluster composition for the overall model K= 7, µ= 1.1 demonstrating
the validity of original call coding is shown in Supplementary Results
Section b. Descriptive statistics on the acoustic characteristics of all
observed call types are shown in Supplementary Results Section g.
F IGURE 2 Line graph representing the mean silhouette values generated by fuzzy c‐means clustering algorithms applied to the infant (left) and
juvenile (right) data sets where the number of clusters varied from K= 2 to K =7, and fuzziness (µ) was systematically varied from µ=1.1 to µ=5.0
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3.3 | Cluster typicality
Typicality coefficient values are highly constrained by the value of
the fuzziness parameter because typicality reflects the degree of
overlap between clusters and the degree of cluster overlap is con-
strained by the value of the fuzziness parameter. Thus, to compare
typicality across data sets, typicality was calculated for both the
best‐fitting model and the corresponding model in another data set,
even if that model was not the best‐fitting model. It is important to
note that there was very little difference in cluster validity between
the best‐fitting model and the alternative models selected for direct
comparison (see Figure 2). As such, the data were comparable within
and between ontogenetic stages (i.e., infants and juveniles).
In the best‐fitting infant model (K = 2, µ = 1.5), mean typicality
was relatively high (0.65), ranging between 0.48 and 0.82 (Figure 3).
This pattern was consistent across call types, where mean typicality
ranged between 0.62 and 0.81 (see Supplementary Results
Section c). In the corresponding juvenile model, mean typicality was
relatively low (0.47) and coefficients ranged from 0.41 to 0.70
(Figure 3), suggesting higher acoustic gradation in juvenile vocaliza-
tions. Mean typicality for juveniles was mostly low across call types,
ranging between 0.37 and 0.71 (see Supplementary Results
Section c), suggesting higher acoustic gradation among juveniles is
not attributable to changes in a single‐call type. The suggestion of
increased acoustic gradation in juvenile vocalizations was supported
by a Mann–Whitney U test comparing the mean typicality per sub-
ject between infants and juveniles, which showed that juvenile
typicality measurements were significantly lower than infant mea-
surements (U = 182, p = 0.0002). For a further breakdown of infant
and juvenile cluster typicality per call type, see Supplementary
Results Section d.
In the best‐fitting juvenile model (K = 2, µ = 1.1), mean typicality
was high (0.91), and coefficients ranged between 0.87 and 0.98
(Figure 3). This pattern was consistent across call types, with
TABLE 3 Total number of calls per call type per cluster and percentage of each call type per cluster for infants and juveniles, respectively
Call types
Cluster number Grunt Whimper Laugh Scream Hoo Bark Squeak
1
Infants 103 (70.55%) 12 (17.39%) 30 (93.75%) 11 (100%) 1 (14.29%) 3 (75.00%) 2 (66.66%)
Juveniles 52 (69.33%) 7 (21.21%) 40 (78.43) 17 (94.44%) 0 (0%) 1 (100%) 0 (0%)
2
Infants 43 (29.45%) 57 (82.61%) 2 (6.25%) 0 (0%) 6 (85.71%) 1 (25.00%) 1 (33.33%)
Juveniles 23 (30.66%) 26 (78.29%) 11 (21.57%) 1 (5.56%) 8 (100%) 0 (0%) 1 (100%)
F IGURE 3 Violin plots depicting the medians, 25th percentiles, 75th percentiles, lower adjacent values, upper adjacent values, and
probability density of mean typicality values per individual for infants and juveniles when K = 2, µ = 1.5 (left) and when K = 2, µ = 1.1 (right)
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typicality coefficients across call types ranging between 0.82 and
0.99 (see Supplementary Results Section e). In the corresponding
infant model, mean call typicality was also relatively high (0.95),
ranging from 0.80 to 0.99 (Figure 3), suggesting similar call typicality
between infants and juveniles in these models. Infant call typicality
was also consistently high across call type, ranging between 0.89 and
0.99 (see Supplementary Results Section e). The apparent similarity
between infant and juvenile call typicality in these models was sup-
ported by a direct comparison between infant and juvenile typicality
when K = 2, µ = 1.1 using a Mann–Whitney U test which showed that
the differences in typicality between these models was not sig-
nificant (U = 116, p = 0.619). For a further breakdown of infant and
juvenile cluster typicality per call type, see Supplementary Results
Section f. Spectrograms of the calls with the highest typicality values
for each model are shown below in Figure 4.
4 | DISCUSSION
In the present study, we aimed to examine ontogenetic changes in
repertoire size and acoustic gradation to evaluate whether vocal‐
type expansion occurs during chimpanzee vocal ontogeny. Fuzzy
c‐means clustering was applied to an acoustic data set derived from
the vocalizations of chimpanzees aged 0–10 years. Infant and juve-
nile repertoires were best described using the same number of
clusters, suggesting the vocal repertoire does not become more di-
verse with respect to the number of discrete call clusters throughout
the first 10 years of chimpanzee vocal ontogeny. However, infant call
clusters were more acoustically distinct from one another, and were
more reliable as the algorithm was able to identify infant clusters
over a larger range of fuzziness values compared to juvenile call
clusters, indicating less overlap between call clusters in infants
compared to juveniles. This inference was supported by analysis of
cluster “typicality,” which showed that infant call typicality was
significantly higher than juvenile call typicality, indicating infant vo-
calizations are significantly less acoustically graded than juvenile
vocalizations.
The observed differences in infant and juvenile call acoustics
could be partially attributable to differences in morphology of the
vocal apparatus. Magnetic resonance imaging studies have shown
that in chimpanzee ontogeny, much like humans, both the larynx and
the hyoid bone descend deeper into the throat throughout ontogeny,
although not to the same extent as is observed in humans (Nishimura
et al., 2003, 2006). This opens up a wider acoustic space of possible
sounds that can be produced (Crelin, 1987; Lieberman, 1984), which
may therefore represent a physiological mechanism by which the
acoustic space between call clusters becomes progressively utilized
in chimpanzee ontogeny. However, more recent studies of primate
vocal production have shown that even with a larynx positioned high
in the throat, an acoustic space of sounds comparable to that of
humans is available, leading researchers to argue changes in the di-
versity of sound production are better explained by neurological
changes that underlie vocal control rather than vocal tract mor-
phology (Fitch et al., 2016). This does not, however, address the
question of why call types are more acoustically distinct earlier in
ontogeny. Signals that are more acoustically consistent are theorized
to be more easily interpreted by receivers (McCowan et al., 1999).
Since the developmental timing of phenotype emergence can be
F IGURE 4 Spectrograms of the calls that generated the highest typicality values for each cluster in each best‐fitting infant and juvenile
model and their counterpart models.
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selected to allow individuals to navigate different ontogenetic niches
(Werner & Gilliam, 1984), perhaps less acoustic gradation in the
chimpanzee infant vocal repertoire may be a trait that has been
selected to help infants navigate their early ontogenetic niche
wherein individuals are heavily dependent on caregivers for survival
(Plooij, 1984).
While we observed increased acoustic gradation in juvenile vocal
behavior, which may be related to their ontogenetic niche, it is also
important to consider that the juvenile social world differs from the
adult chimpanzee social world. For example, adult males will typically
join a core group of dominants and remain within their natal com-
munity, while females will often migrate to new communities and
spend much more time in small family units (Goodall, 1990). Con-
sequently, to more fully understand chimpanzee vocal ontogeny, it
will be essential to quantify acoustic gradation later into adulthood.
This will help to better understand the social significance of in-
creased acoustic gradation in juvenile vocal behavior relative to in-
fants, and the role that this plays in subsequent vocal ontogeny.
More discrete vocal categories suited to the adult ontogenetic niche
may emerge from highly acoustically graded juvenile vocal behavior.
Since the adult niche involves different social challenges for males
and females, different patterns of vocal ontogeny may also be
observed between sexes.
The bioacoustic complexity of signals as measured by diversity in
acoustic form also represents a challenge for receivers to contend
with because signals with an inconsistent acoustic form are expected
to be more difficult to use for communication among living things
(McCowan et al., 1999), suggesting increased acoustic gradation may
be more challenging for receivers to interpret. Decoding acoustically
graded signals may therefore require complex cognitive abilities, and
socio‐cognitive development in chimpanzees may be related to the
increased use of acoustically graded signals. For example, in baboon
ontogeny individuals improve in their ability to discriminate between
acoustically graded bark variants and respond appropriately to them
(Fischer et al., 2000). This example demonstrates that it is important
to consider the extent to which vocal behavior is perceived as graded
also. Graded primate vocalizations have indeed been demonstrated
to be perceived categorically (Fischer, 1998). While two‐cluster so-
lutions were most valid in the present study, solutions comprising
two to seven clusters for both infants and juveniles that could also be
extracted, with some of those solutions outperforming two‐cluster
solutions with regard to reliability. Neither the most valid nor the
most reliable solution is necessarily the most meaningful set of call
clusters for the chimpanzee because this depends not only on the
acoustic properties of sounds, but how receivers attend to and react
to different aspects of those signals. The present study simply
identifies a set of possible clusters based on call acoustics and de-
scribes the gradation between them. This provides a starting point
for subsequent studies to examine which description appears to be
most meaningful to receivers based on their responses to calls from
different clusters in different models.
The observed pattern stands in contrast to acoustic changes
observed early in human ontogeny. Before the onset of canonical
babbling, human infant vocal behavior is highly acoustically variable
and inconsistent, while later on in the first year of life, between 9 and
12months of age, the repertoire expands into a larger number of
more acoustically distinct vocal categories (Esling, 2012; Goldstein &
Schwade, 2008; Mitchell & Kent, 1990). This pattern is predicted by
Oller's (2012) infrastructural natural logic model, which posits that
more discrete vocal categories emerge from vocal behavior that is
originally more acoustically graded. While there is evidence that in
some cercopithecine (Gouzoules & Gouzoules, 1989; Seyfarth &
Cheney, 1986) and catarrhine monkey species (Snowdon, 1988) that
vocal categories are less acoustically distinct in infancy and become
more acoustically distinct later in ontogeny, our observations of
chimpanzee vocal acoustics do not follow this pattern. In fact, we
have observed the inverse pattern—vocal classes that are originally
more distinct early in ontogeny, giving rise to vocal behavior that is
more acoustically variable later in ontogeny. Although comparisons
between human and chimpanzee communication must be made with
caution (see Rendall & Owren, 2013), we might also question the
extent to which human speech is comprised of discrete units. Formal
linguistics views language as a system with a finite number of dis-
crete elements that can be combined infinitely (Nishimura
et al., 2003, 2006). However, when viewed phonetically, natural
speech exhibits much acoustic gradation. For example, speech
sounds are imbued with prosodic features—acoustic parameters that
continuously vary and help to disambiguate lexical meaning by pro-
viding information about emotions and arousal (Hammerschmidt &
Jürgens, 2007). Additionally, in some languages and dialects, both
vowel (e.g., Hickey, 1984) and consonant (e.g., Langacker, 1976;
Ulving, 1953) sounds have intermediate forms that grade into one
another. Consequently, the degree of gradation in human vocal
communication may have been previously underestimated, which
could be explored by applying the present protocol to data sets on
human vocal acoustics.
Given the aforementioned implications of the present findings, it
is necessary to turn our attention to possible methodological issues
in the present study. One might ask whether our finding of a lower
degree of call gradation in the infant chimpanzees may be the result
of the infants showing a propensity to produce call types that have a
low degree of gradation more often, instead of having an overall
repertoire that is less acoustically graded than the juvenile call re-
pertoire. However, our examination of cluster composition with re-
gard to call type showed that cluster compositions were very similar
for infants and juveniles. Cluster 1 for both infants and juveniles was
composed of mostly screams, laughs, and grunts, while cluster 2 for
both infants and juveniles was composed mostly of whimpers and
hoo calls. The proportions of these calls that represented each
cluster were also highly similar between infants and juveniles.
Therefore, differences in the acoustic gradation of infant and juvenile
vocalizations are not explained by a propensity to produce specific
call types. Moreover, the observed differences between infants and
juveniles in the acoustic gradation also cannot be explained by
changes in a single‐call type (e.g., just grunts) rather than changes at
the level of the repertoire as a whole because typicality
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measurements were consistently lower for juveniles compared to
infants across all call types. Consequently, it appears that the dif-
ference in acoustic gradation between infants and juveniles reflects
an ontogenetic shift in the acoustic characteristics of the entire
repertoire.
One may also ask whether juvenile call typicality was lower be-
cause there were fewer calls in the juvenile data set. In fact, we argue
that a data set with fewer examples would be expected to appear more
discrete because it is less likely to capture the full extent of variation
acoustic variation in calls. This is evident when one considers the pro-
cess of cluster extraction: First, a centroid (the center point of a cluster)
is chosen in an n‐dimensional space (where n = the number of acoustic
variables). Next, a new data point is added, and the centroid is re-
calculated by averaging the data points in that cluster. Clusters are
separated by drawing lines in n‐dimensional space that separate data
into the most homogeneous clusters. As the centroids are iteratively
recalculated, so too are the n‐dimensional lines that separate clusters.
When there are fewer data points, it is easier to find a line that sepa-
rates those data points into different groups (Bezdek, 1973;
Dunn, 1973). Consequently, when there is a small number of data
points, we argue typicality should also be higher because typicality
measures how typical a call is of its respective cluster based on the
extent to which it overlaps with other clusters compared to the cluster
it primarily belongs to, and when there are a small number of data
points, overlap between clusters is less likely. Yet, the opposite pattern
was found in the smaller data set in this study, which suggests that
gradation in the juvenile data set is more likely to be underestimated
rather than overestimated because if the juvenile data set was larger,
more overlap between clusters would be expected.
To conclude, in the present study, we aimed to quantify onto-
genetic changes in repertoire size and acoustic gradation in chim-
panzee vocalizations. The results showed that between the infant
and juvenile period, the number of call types observed did not differ,
but juvenile call acoustics were significantly more graded than in-
fants. This suggests that in contrast to human vocal ontogeny,
chimpanzee vocal ontogeny is a process of filling in the acoustic gaps
between early call types. Calls with greater acoustic diversity also
have greater information encoding potential, raising the intriguing
question of how chimpanzees make use of these new communicative
possibilities during ontogeny.
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